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SOME  ANELASTIC  PROPERTIES  OF  ZIRCONIUM 
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By 

Edward  Philip  Dahlberg 
April  1967 

Chairman:  Dr,  R.  E.  Reed-Hill 

Major  Depai’tment : Metallurgical  and  Materials  Engineering 

This  study  is  concerned  with  the  mechanical  hysteresis 
and  anelastic  properties  of  polycrystalline  zirconium  which 
result  from  the  reversible  thermally  activated  motion  of  the 
boundaries  of  deformation  twins.  Straight  rolled  poly- 
crystalline zircor^ium  plate  stock  was  prestrained  at  77°K  in 
order  to  nucleate  num.erous  fine  [ll'21]  twins  in  an  otherwise 
almost  undistorted  matrix.  Subsequent  tensile  deformation 
at  elevated  temperatures  showed  marked  deviation  from  linear 
behavior  in  the  stress-strain  curves  at  an  initial  resolved 
shear  stress’ of  approximately  2,500  psi,  v.'hich  is  at  least 
ten  times  lower  than  the  normal  0.2  per  cent  offset  yield 
point  for  this  material.  The  development  of  large  anelastic 
strain  at  comparatively  low  stress  levels  indicates  the  ease 
with  which  [1121]  twin  boundaries  are  able  to  move. 

On  cyclic  loading  at  low  frequencies  in  a tensile 
machine,  large  mechanical  hysteresis  energy  losses  were 
observed  over  the  range  of  temperature  from  -72° C to  S0°C. 
Comparative  area  measurements  of  the  hysteresis  loops 


IX 


showed  the  energy  losses  were  a sensitive  function  of  the 
amount  of  prestrain  and  reached  a maximum  at  approximately 
0.65  per  cent  prestrain.  The  losses  were  stress  amplitude 
dependent,  increased  w'ith  increased  temperature,  and 
decreased  v/ith  increased  strain  rate  or  cycle  frequency. 

The  rate  of  the  development  of  the  anelastic  strain  at 
constant  stress  on  loading  or  its  recovery  on  unloading  was 
found  to  obey  a relation  of  the  type, 

e = - — In  tanh  —pz 

a 2 T 

CT 

The  anelastic  strain  relaxation  processes . were  found  to  be 
controlled  by  a single  relaxation  time  which  varied  markedly 
with  test  temperature.  An  activation  energy  for  these  pro- 
cesses w'as  found  to  be  approximately  23,000  calories  per 
mole  and  did  not  vary  significantly  over  the  range  of  tem- 
perature used  in  these  experiments. 

The  study  permitted  the  determination  of  the  relaxed 
modulus  and  activation  volume  for  twin  boundary  motion.  The 
kinetics  of  the  anelastic  strain  development  indicate  that 
twin  boundary  migration  may  be  controlled  by  slip  deformation. 
The  stress  concentrations  at  the  tapered  twin  edges  are 
thought  to  induce  slip  deformation  in  the  adjoining  matrix. 

As  this  deformation  increases  or  decreases,  the  twin  either 
thickens  or  thins  accordingly.  The  correlation  between  the 
activation  energy  and  the  activation  volume  for  twin  boundary 
migration  with  that  for  low  temperature  creep  in  zirconium 
suggests  such  a controlling  mechanism. 
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INTRODUCTION 


The  increased  use  of  the  metal  zirconium  for  integral 
structural  components  in  the  construction  of  nuclear  power 
reactors  has  created  the  need  for  a more  complete  under- 
standing of  its  mechanical  properties.  Of  particular  in- 
terest and  concern  is  the  way  in  which  zirconium  in  the  form 
of  a polycrystalline  aggregate  will  respond  to  applied 
stresses  at  levels  both  above  and  below  the  macroscopic 
yield  point.  Because  of  their  anisotropic  crystal  struc- 
tures, the  hexagonal  metals  such  as  zirconium  generally  have 
a restricted  and  unsymmetrical  set  of  slip  systems.  It  has 
been  observed  that  deformation  twinning  often  plays  an  im- 
portant role  in  the  plastic  deformation  of  such  anisotropic- 
materials  , 

An  intensive  and  continuing  investigation  of  the  nature 
of  deformation  twinning  in  zirconium  .has  been  carried  out  by 
Professor  R.  E.  Reed-Hill  and  his  co-workers  at  the  Univer- 
sity of  Florida.  This  investigation  has  concerned  the  role 
of  strain,  strain  rate,  temperature,  grain  size,  and  grain 
orientation  in  the  deformation  processes.  During  the  course 
of  this  investigation,  it  was  observed  that  in  zirconium 
specimens,  oriented  transversely  with  respect  to  the  prin- 
cipal rolling  direction  of  straight  rolled  plate,  small 
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amounts  of  mechanical  deformation  at  77°K  v/ould  nucleate 
numerous  fine  deformation  twins  in  an  otherwise  almost  un- 
distorted matrix.  The  analysis  of  these  deformed  specimens 
showed  that  nearly  all  of  the  plastic  flow  at  small  strain 
levels  of  approximately  1 per  cent  could  be  accounted  for  by 
the  shear  associated  with  the  mechanical  twinning.  The  most 
significant  form  of  twin  was  observed  to  be  the  [ll^l]  type. 

An  increase  of  nearly  50  per  cent  was  observed  in  the 
room  temperature  elongation  of  transverse  specimetas  of  zir- 
conium containing  the  low  temperature  nucleated  twins.  In 
addition , when  cyclically  loading  these  prestrained  specimens 
in  tension  at  room  temperature,  a large  mechanical  hysteresis 
and  elastic  aftereffect  were  evident  in  the  stress-strain 
curves  at  stresses  significantly  below  the  macroscopic  yield 
point.  The  magnitude  of  the  energy  absorbed  during  cyclic 
loading  was  approximately  25  per  cent  of  the  maximum  tensile 
strain  energy. 

The  research  reported  in  this  dissertation  was  under- 
taken with  the  aim  of  providing  a clearer  understanding  of 
these  mechanical  hysteresis  and  elastic  aftereffect  phenomena. 
The  experimental  evidence  presented  deals  with  the  relaxa- 
tion associated  with  the  small  reversible  and  thermally 
activated  motion  of  11121}  type  deformation  twins  in  zirco- 
nium. These  experimental  results  will  be  interpreted  in 
terms  of  possible  mechanisms  for  the  twin  boundary  movements. 


CHAPTER  I 


PREVIOUS  INVESTIGATIONS 

In  view  of  the  nature  of  the  present  investigation,  it 
is  desired  to  review  previous  research  in  three  areas:  the 

study  of  anelasticity  in  metals;  anelasticity  resulting  from 
the  motion  of  twin  boundaries;  and  the  mechanical  deforma- 
tion of  pure  zirconium.  It  is  convenient  to  begin  with  a 
consideration  of  anelasticity. 

Anelasticity  in  Metals 

C.  M.  Zener,  in  his  book  Elasticity  and  Anelasticity 
of  Metals  (1)*,  adopted  the  term  anelasticity  to  describe 
those  properties  of  solids  where,  in  the  pre-plastic 
range,  stress  is  not  uniquely  related  to  strain.  Mechan- 
ical hysteresis  or  internal  friction,  strain  relaxation 
at  constant  stress,  stress  relaxation  at  constant  strain, 
and  changes  in  the  elastic  modulus  with  frequency  of 
measurement  are  all  aspects  of  anelasticity.  Anelasticity 
in  metals  is  commonly  observed  as  time  dependent  or 
recoverable  creep  strain.  At  stresses  generally  below 
the  critical  shear  stress  for  plastic  yielding  a 


^t'Numbers  in  parentheses  refer  to  entries  in  the 
bibliography. 
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by  B.  P.  Haigh  (5).  Using  a series  of  thermocouples 
attached  to  a cylindrical  specimen  subjected  to  equal  values 
of  push  and  pull  loading,  he  was  able  to  measure  the  tem- 
perature gradient  in  the  metal  and  determine  the  rate  of 
heat  evolution  during  the  cyclic  loading.  He  observed  that 
the  thermal  hysteresis  increased  with  an  increase  in  the 
range  of  stress  but  diminished  during  successive  cycles 
within  a given  range  of  load.  Changes  in  the  value  of  the 
Young’s  modulus  due  to  strain  have  been  observed  by 
W.  Roster  and  K.  Rosenthat  in  1938  (6) , and  the  elastic 
aftereffect  in  carbonyl  iron  was  studied  by  V.  G.  Richter 
in  1938  (7). 

By  measuring  the  residual  strain  rem.aining  in  iron 
wires  after  twisting  as  a function  of  time  at  various  tem- 
peratures, Richter  was  able  to  determine  an  activation  energy 
which  could  be  associated  with  the  anelastic  strain  recovery 
process.  He  also  pointed  out  the  similarity  in  behavior 
betv/een  the  mechanical  aftereffect  and  the  anomalous  magnetic 
aftereffect  in  mild  steel.  Later,  J.  Snock  (8)  developed  the 
theory  of  preferred  atomic  sites  for  carbon  and  nitrogen 
when  the  iron  crystal  lattice  is  subject  to  an  applied  stress. 
He  pointed  out  that  the  application  of  a tensile  stress  along 
the  <100>  directions  would  induce  a preferred  equilibrium 
distribution  of  carbon  and  nitrogen  in  the  interstitial  sites 
along  these  directions.  The  additional  numbers  of  inter- 
stitial atoms  in  the  sites  parallel  to  the  applied  stress 
permit  the  anelastic  strain  component  to  develop  as  thermal 


activation  assists  in  the  redistribution  of  the  carbon  and 
nitrogen  atoms. 

More  recent  studies  of  the  mechanical  hysteresis  of 
metals  that  occurs  in  the  pre-macroscopic  yield  region  of 
the  stress-strain  curves  have  been  carried  out  on  zinc  by 

J,  M.  Roberts  and  N.  Brov/n  (9),  on  beryllium  by  W.  Bonfield 
and  C.  H,  Li  (10),  on  magnesium  by  J.  M.  Roberts  and  D.  E. 
Hartman  (11),  and  on  iron  by  N.  Brown  and  K.  F.  Lukens  (12), 
N.  Brown  and  R.  A.  Ekvall  (13),  and  P.  Lukas  and  M.  Klesnil 
(14).  In  part,  these  studies  have  been  developed  around  the 
theory  of  dislocation  damping  presented  by  A.  Granato  and 

K.  Lucke  (15,  16).  In  this  theory  it  is  assumed  that  dis- 
locations are  pinned  along  their  lengths  by  impurity  atoms 
and  also  by  dislocation  network  nodes.  Under  the  action  of 

a stress,  the  dislocations  bov/  out  between  the  impui'ity  pin- 
ning points  until  at  a critical  strain  they  break  away  and 
bow  out  between  the  primary  intersection  nodes.  These 
longer  dislocation  loops  continue  to  bov/  out  until  the  maxi- 
mum stress  is  reached.  In  cyclic  stressing,  therefore,  the 
mechanical  hysteresis  or  internal  friction  can  be  divided 
into  two  distinct  stages:  one,  amplitude  independent  inter- 
nal friction  where  the  dislocations  vibrate  between  the 
impurity  pinning  points;  and  two,  the  amplitude  dependent 
internal  friction  where  the  vibration  is  between  the  dis- 
location network  nodes.  The  critical  bi’eakaway  stress  is 
that  stress  which  separates  these  two  stages  and  occurs  when 
the  dislocations  are  freed  from  their  impurity  atmospheres. 


Also  in  the  above  mentioned  studies,  mechanical  hystere- 
sis and  the  nonlinear  nature  of  the  materials’  stress-strain 
responses  have  been  analyzed  in  terms  of  the  movement  of  a 
restricted  number  of  slip  dislocations  in  certain  grains 
forming  dislocation  pile-ups  at  the  grain  boundaries.  The 
model  for  this  type  of  analysis  has  been  discussed  by 
A.  K.  Cottrell  (17).  Under  an  applied  stress  a number  of 
dislocations  move  over  the  slip  plane  to  grain  boundaries 
where  they  are  stopped.  The  pile-ups  of  dislocations  through 
a back  stress  reduce  the  applied  stress  at  the  dislocation 
source.  An  equilibrium  condition  is  reached  when  the 
applied  stress  is  reduced  to  zero  by  the  back  stress  of  the 
pile-up.  When  the  dislocation  motion  is  restricted  by  a 
frictional  stress  such  as  a Peierls  stress,  the  motion  can 
be  thermally  activated.  In  such  a case  the  pile-up  of  dis- 
locations at  the  grain  boundary  can  be  formed  as  a function 
of  time.  The  number  of  dislocations  in  a pile-up  which 
exist  in  equilibrium  with  an  applied  stress  has  also  been 
treated  by  Cottrell  (17).  This  number  is 
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where  n equals  the  number  of  dislocations,  L is  the  radius 
of  the  grain,  K is  a numerical  factor  approximately  unity, 
u is  the  shear  modulus,  and  b the  Bergers  vector  of  the  dis- 
locations. Because  of  the  friction  stress,  mechanical 
hysteresis  and  elastic  aftereffect  phenomena  will  be  evident 
in  the  development  of  these  dislocation  pile-ups. 


Anelasticity  and  Twin  Boundary  Movements 


B.  P.  Haigh  (18),  in  a discussion  of  a paper  by 
B.  Chalmers  (19),  first  suggested  that  mechanical  hysteresis 
and  elastic  aftereffect  phenomena  might  be  associated  with 
the  twinning  and  detwinning  of  metals.  He  felt  that  twin- 
ning and  detwinning  occurring  in  a cyclic  process  during 
successive  variations  of  stress  might  be  a probable  cause  of 
elastic  hysteresis.  Zener  (1)  pointed  out  that  inhomogeneous 
regions  in  a metal,  such  as  twins,  might  provide  the  neces- 
sary relaxation  centers  to  produce  these  effects.  Work  by 
F.  T.  Worrell  (20)  and  F.  T.  Worrell  and  A.  V.  Siefert  (21) 
on  the  damping  capacity  of  copper  manganese  alloys  indicates 
that  the  energy  loss  is  due  to  the  stress  induced  motion  of 
twin  boundaries.  Twins  are  readily  formed  in  an  88  per  cent 
manganese  12  per  cent  copper  alloy  quenched  to  room  tempera- 
ture from  925°C.  The  internal  friction  decreases  together 
with  the  amount  of  twinning,  observed  by  optical  means, 
after  annealing  for  various  times  at  an  intermediate 
temperature. 

Mechanical  hysteresis  in  the  stress-strain  curves  of 
uranium  was  also  ascribed  to  the  motion  of  twin  boundaries 
by  E.  R.  W.  Jones  and  W.  Monro  (22).  They  observed  that  the 
energy  dissipated  during  cyclic  loading  of  uranium  was  an 
order  of  magnitude  greater  than  that  in  steel  or  brass  samples 
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tested  undei’  the  same  loading  conditions.  They  concluded 
that  the  large  energy  loss  was  due  to  mechanical  twinning 
and  detwinning.  The  stress  induced  motion  of  twin  boundaries 
was  shown  to  be  responsible  for  deformation  in  AuCd  B'  and 
S"  alloys  by  H.  K.  Birnbaum  and  T.  A.  Read  (23).  They  pro- 
posed that  the  motion  of  the  twin  boundaries  resulted  from 
the  addition  of  successive  atomic  planes  to  the  twinned 
lattice  by  the  homogeneous  nucleation  of  twinning  disloca- 
tion loops.  An  alternative  mechanism  which  they  proposed 
was  the  dissociation  of  a perfect  dislocation  into  a twin- 
ning dislocation  and  a sessile  pole  dislocation.  The  theory 
of  a pole  mechanism  (24,  25)  for  twin  growth  would  account 
for  the  pile-up  of  dislocations  at  the  outermost  twin  edges. 
The  twinning  dislocations  would  be  Thermally  activated  in 
moving  out  of  a Peierls  valley  and  would  reduce  the  applied 
stress  at  the  dislocation  source.  On  unloading  they  would 
move  back  to  the  source  due  to  the  elastic  constraints  of 
the  surrounding  grains  thus  producing  the  mechanical  hystere- 
sis and  elastic  aftereffect  phenomena. 

The  theoretical  considerations  for  the  relaxation  of 
strain  at  constant  stress  and  the  relaxation  of  stress  at 
constant  strain  have  recently  been  presented  by  R . E.  Reed- 
Hill  and  E.  P.  Dahlberg  (26,  27).  This  analysis  of  the  time 
dependence  of  internal  friction  effects  connects  the  well- 
known  exponential  equation 

= € e 
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where  e is  the  strain  at  any  instant,  c is  the  maximum 

o 

strain  at  zero  time,  a.nd  is  the  relaxation  time  for  con- 
stant stress,  with  the  empirical  relation 
€ = A In  t + B, 

where  e is  the  instantaneous  strain,  t is  the  time,  and  A 
and  B are  constants  (28,  29),  These  two  equations  are  re- 
lated through  the  following  two  formulations: 

,*  RT  , . u ^ '■o 

f . - _ In  tanh 
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tanh  2^  = tanh  e 

where  e is  the  total  relaxable  strain  at  any  instant.  The 
value  of  0!  in  these  derivations  is  related  to  the  activation 
volume  of  the  thermally  activated  relaxation  processes 
through  the  relaxed  and  unrelaxed  elastic  moduli  , 


m M, , M 
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where  V is  the  activation  volume,  is  the  unrelaxed  modulus, 
is  the  relaxed  modulus,  and  m is  an  orientation  factor. 


Mechanical  Deformation  of  Pure  Zirconium 


An  extensive  analysis  of  the  slip  and  twinning  deforma- 
tion mechanisms  in  zirconium  has  been  carried  out  recently 
by  several  investigators.  E.  J.  Rapperport  and  C.  S.  Hartley 
(30)  in  studying  the  deformation  of  large  zirconium  single 
crystals,  reported  slip  deformation  on  the  prism  planes, 
{lOlO],  at  room  temperature.  J.  L.  Martin  and  R.  E.  Reed- 
Hill  (31)  observed  that  basal  slip  becomes  an  important 
secondary  mode  of  deformation  in  the  formation  of  kink  bands 
at  elevated  temperatures  in  polycrystalline  material.  Addi- 
tional slip  deformation  has  been  reported  to  occur  on  the 
[lOll]  and  {1122}  pyramidal  planes  by  D.  H.  Baldwin  and 
R.  E.  Reed-Hill  (32)  who  worked  with  polycrystalline  zirco- 
nium deformed  in  torsion. 

Twins  in  single  crystals  of  zirconium  have  been  reported 
to  occur  on  [1012],  {ll2l],  [ll22],  and  [1123]  by  E.  J.  Rap- 
perport (33,  34).  The  frequency  of  twinning  was  found  to 
be  greatest  on  the  [1121]  planes  (30).  The  existence  of 
twins  on  the  {lOT2},  {ll2l],  and  {1122}  has  been  further 
verified  in  polycrystalline  zirconium  by  lu.  N.  Sokurskii 
and  L.  N.  Protsenko  (35),  R.  E.  Reed-Kill,  W.  A.  Slippy,  Jr., 
and  L.  J.  Buteau  (36),  and  D.  H.  Baldwin  and  R.  E.  Reed- 
Hill  (32). 

The  low  temperature  deformation  characteristics  in 
transverse  polycrystalline  zirconium  tensile  specimens  have 
been  investigated  (37,  38,  39).  Briefly,  the  results  of 
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these  studies  show  that  twinning  is  the  primary  deformation 
mechanism  at  77°K  for  strains  of  approximately  3 per  cent. 

At  these  low  temperatures  three  twinning  systems  have  been 
observed  in  quantity,  { 10l2]  , {ll2l],  and  {ll22}.  The 
volume  fraction  of  twins  of  each  particular  type  has  been 
measured  using  quantitative  metallographic  techniques  by 
R.  E.  Reed-Hill,  E.  R.  Buchanan,  and  F,  W.  Caldwell,  Jr.  (40). 
Because  of  its  high  twinning  shear  (0.63)  and  large  volume 
fraction  at  tensile  strains  of  less  than  3 per  cent,  nearly 
all  of  the  deformation  can  be  accounted  for  by  {ll2l}  twins. 
With  increasing  amounts  of  strain  the  role  of  twinning  de- 
creases, and  slip  becomes  the  primary  mode  of  plastic  de- 
formation. This  shift  is  believed  to  result  from  lattice 
reorientation  and  nucleation  of  slip  dislocations  due  to 
twinning . 

Transverse  specimens  of  polycrystalline  plate  zirconium 
which  have  been  prestrained  approximately  1 per  cent  at  77°K 
have  a large  number  of  grains  containing  deformation  twins 
of  the  [ll21]  type  completely  surrounded  by  a matrix  of 
grains  which  are  essentially  undeformed.  An  additional 
strain  component  at  m.ore  elevated  temperatures  should, 
therefore,  result  from  the  stress  induced  motion  of  the  twin 
boundaries.  The  resulting  twin  boundary  m.otion  could  be 
expected  to  be  thermally  activated  and  provide  the  mechanism 
for  mechanical  hysteresis  and  elastic  aftereffect  phenomena. 


CHAPTER  II 


EXPERIMENTAL  METHODS  AND  PROCEDURES 
Material 

The  material  used  in  this  investigation  was  arc-melted 
sponge  zirconium  which  had  been  straightaway  rolled  into 
1/2-in, -thick  plate.  It  v/as  purchased  from  the  Wah  Chang 
Corporation  of  Oregon  and  was  designated  heat  number 
4-56-1367  Zr  (41) . The  Wah  Chang  heat  analysis  for  this 
material  is  presented  in  Table  1, 

Figure  1 shows  the  microstructure  of  the  as -received 

zirconium  at  a magnification  of  150X  using  polarized  light. 

The  plane  of  the  micrograph  is  normal  to  the  principal 

rolling  direction  of  the  as -received  plate.  As  can  be  seen 

from  the  figure,  the  material  has  a fairly  well- developed 

duplex  grain  structure  with  both  large  and  small  grains 

appearing  in  the  two-dimensional  plane  of  the  polish.  The 

-3 

average  grain  diameter  was  determ.ined  to  be  3 x 10  centi- 
meters by  the  linear  intercept  method.  This  corresponds  to 
an  ASTM  grain  size  number  of  approximately  4. 

The  rolling  texture  of  a similar  heat  of  polycrystalline 
plate  zirconium  has  been  verified  by  an  extensive  analysis  of 
the  distribution  of  basal  plane  traces  in  relation  to  the 
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TABLE  1 

COMPOSITION  OF  ARC-xMELTED  SPONGE  ZIRCONIUM 


Element  Composition  Element 

(parts  per  million) 

Composition 
(parts  per  million) 

Sn 

< 10 

Mg 

< 10 

Cr 

< 10 

Mn 

< 10 

Fe 

435 

Mo 

< 10 

Ni 

10 

N 

39 

A1 

44 

0 

965 

B 

< 0.2 

Pb 

< 5 

C 

110 

Si 

71 

Cd 

< 0.3 

Ti 

< 20 

Co 

< 5 

V 

< 5 

Cu 

25 

W 

30 

Hf 

< 40 

Zn 

< 50 

Balance 


Zirconium 


Figure  1.  Microstructure  of  the  as-received  zirconium. 
Magnification  150X.  Polarized  light. 
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principal  rolling  direction  (42),  It  was  determined  in  these 
investigations  that  the  basal  planes  of  almost  all  the  grains 
lie  parallel  or  nearly  parallel  to  the  principal  rolling 
direction  in  the  plate.  This  texture  is  illustrated  in 
Figure  2.  It  is  roughly  equivalent  to  a wire  texture  and  is 
fairly  common  in  commercially  available  plate  zirconium.  The 
basal  plane  normals  are  uniformly  distributed  in  space  about 
the  rolling  direction  axis.  Longitudinal  tensile  specimens, 
cut  with  the  tensile  axis  parallel  to  the  rolling  direction, 
deform  for  the  most  part  by  slip  since  the  stress  is  applied 
parallel  to  the  basal  planes  in  nearly  all  of  the  grains.  In 
this  orientation  the  resolved  shear  stress  for  slip  on  the 
pyramidal  and  prism  planes  is  high.  In  transverse  tensile 
specimens,  cut  with  the  tensile  axis  parallel  to  the  long 
transverse  plate  direction,  however,  a large  fraction  of  the 
grains  are  oriented  so  their  basal  planes  are  normal  to  the 
stress  axis.  In  this  orientation  these  grains  have  slip 
directions  normal  to  the  tensile  stress  axis  and  cannot 
deform  easily  by  slip.  In  transverse  tensile  specimens, 
therefore,  twinning  becomes  important  as  a mode  of  plastic 
deformation . 

Specimen  Preparation 

Standard  1/8-in.  diameter  tensile  specimens  of  the  same 
general  form  as  that  described  by  P,  L.  Rittenhouse  and 
M.  L.  Picklesimer  (43)  were  machined  from  the  1/2-in. 
zirconium  plate  stock  in  the  transverse  orientation.  Pieces 
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Figure  2.  Schematic  representation  of  the  rolling  texture  of  polycrystalline 
zirconium  plate.  The  basal-plane  trace  is  indicated  by  a dashed 
line  in  each  grain. 


1/2  X 1/2  X 3 1/2  inches  were  cut  from  the  plate  using  a 
metal  cutting  band  saw.  Each  rough  cut  blank  was  marked 
so  that  the  position  of  the  rolling  plane  normal  could 
easily  be  identified  on  the  completed  specimen.  The  rec- 
tangular pieces  were  rough  machined  on  a lathe  into  tensile 
blanks  3 inches  long.  The  specimens  had  1/2 -in . -lengths 
of  1/4-20  threads  at  either  end.  The  gage  section  was 
reduced  in  this  operation  to  3/16  of  an  inch. 

Final  reduction. of  the  gage  section  to  an  approximate 
diameter  of  0,130  inch  was  performed  by  a chemical  acid 
machining  operation.  The  acid  machining  was. done  in  a 
solution  of  45  parts  ’ water,  45  parts  ’ nitric  acid,  and  10 
parts  ’ hydrofluoric  acid  (44).  The  threaded  ends  of  each 
specimen  were  dipped  in  molten  paraffin  for  protection 
during  acid  machining.  The  chemical  machining  was  done 
in  stages  with  reapplication  of  the  paraffin  coating  to 
prevent  any  undercutting  by  the  acid  solution  at  the  ends 
of  the  reduced  gage  section.  The  final  gage  length  was 
approximately  1 1/4  inches.  The  specimen  diameter  normally 
varied  less  than  0,002  inch  along  the  gage  length  and  were 
out-of -round  by  less  than  1 per  cent.  All  specimen  diameters 
and  gage  lengths  were  measured  using  an  optical  comparator. 
These  measurements  were  accurate  to  about  0.0002  inch. 


Prestraining  Techniques 


The  low  temperature  prestrain  performed  on  the  specimens 
used  in  this  investigation  was  done  either  by  cold  rolling  or 
by  tensile  deformation.  In  the  first  case  the  rough  sawed 
blanks  (1/2  x 1/2  x 3 1/2  inches)  were  soaked  in  liquid 
nitrogen  and  rolled  lengthwise  along  the  long  transverse 
plate  direction  using  a two  high  6-in.  Fenn  rolling  mill. 

The  reduction  in  thickness  per  pass  was  kept  small,  and  inter- 
mediate periods  of  soaking  at  77°K  insured  that  the  rolling 
deformation  took  place  near  the  liquid  nitrogen  temperature. 
After  a predetermined  reduction  the  blanks  were  machined  to 
tensile  specimens  in  the  standard  fashion. 

Tensile  prestraining  was  carried  out  on  finished  machined 
tensile  specimens  using  a floor  model  Instron  tensile  machine. 
The  crosshead  of  the  Instron  was  operated  at  a rate  of  0.002 
inches  per  minute  which  produced  a strain  rate  of  approxi- 
mately 5 X 10~^  seconds"^  in  the  1 1/4-in. -gage  length.  The 
specimen  was  Immersed  in  a Dewar  flask  of  liquid  nitrogen 
during  the  prestraining  operation.  Final  strain  percentages 
were  determined  by  measuring  the  increased  length  of  each 
specimen . 

Microstrain  Measurement  Techniques 

After  the  low  temperature  prestrain  treatment  each 
tensile  specimen  was  prepared  for  microstrain  measurements  by 
attaching  two  wire  resistance  SR-4  strain  gages  along  its 


length.  Two  strain  gage  sizes  were  used  during  the  course  of 
these  experiments;  one,  1/4-in.  long  and  the  other,  1/2-in. 
long.  Both  gage  types  were  epoxy  backed  temperature  compen- 
sating gages  approximately  0.2-in.  wide.  The  strain  gages 
were  attached  to  the  zirconium  specim.ens  with  Eastman  910 
adhesive  and  catalyst.  The  acid  machined  finish  of  the  speci- 
mens was  roughened  by  lightly  rubbing  600-grit  metallography 
paper  over  the  gage  lengths  to  insure  proper  adhesion  of  the 
strain  gages.  The  specimens  were  washed  in  benzene,  acetone, 
and  finally,  distilled  water  to  remove  any  grease  and  other 
unwanted  surface  films.  A thin  uniform  layer  of  adhesive 
was  applied  to  the  specimen  in  order  to  produce  the  most 
accurate  strain  measurements  (45) . The  adhesive  catalyst 
was  applied  to  the  underside  of  the  strain  gage.  Care  was 
taken  to  align  the  gages  parallel  to  the  tensile  axis.  While 
each  gage  wrapped  nearly  halfway  around  the  specimen  circum- 
ference, in  all  cases  they  were  centrally  located  on  the 
portion  of  the  specimen  corresponding  to  the  original  rolling 
plane . 

Enameled  copper  lead  wires  one  foot  long  were  soldered 
to  the  strain  gage  tips.  The  entire  gage  assembly  was  then 
cleaned  to  remove  any  excess  solder  rosin  and  coated  with  a 
protective  covering  of  a heat-curing  silicone  phenolic 
lacquer.  This  coating  was  cured  in  three  stages,  15  minutes 
in  air,  15  minutes  at  50°C,  and  1 hour  at  90°C.  Figure  3 
shows  a photograph  of  a completed  tensile  specimen  with  the 
strain  gages  and  lead  wires  attached. 
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Figure  3.  Completed  tensile  specimen  with  strain  gages 
and  lead  wires  attached.  A specimen  with  no 
gages  and  an  unmounted  strain  gage  are  also 
shown. 
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Testing  Procedures 

.Tensile  stress-strain  mechanical  hysteresis  tests  were 
performed  on  a standard  floor  model  Instron  tensile  machine. 
The  test  specimen  and  a temperature  compensation 
dummy  specimen  were  immersed  in  a constant  temperature  oil 
bath  mounted  on  the  crosshead  of  the  tensile  machine.  The 
strain  gages  of  the  two  specimens  were  attached  in  a four  arm 
bridge  configuration  to  the  X-Y  recorder  chart  drive  of  the 
Instron  machine.  The  X-Y  recorder  gave  a record  of  load 
versus  specimen  strain,  A variable  resistor  was  used  to 
calibrate  the  strain  displacement  of  the  X-Y  recorder.  This 
resistor  was  calibrated  with  a standard  SR-4  strain  indicator 
to  provide  a strain  indication  of  500-microinches  per  inch 
for  each  individual  specimen  when  placed  across  an  active  arm 
of  the  strain  gage  bridge.  The  load  indication  of  the 
recorder  was  calibrated  in  the  usual  way  by  hanging  a fixed 
weight  from  the  load  cell  of  the  Instron  machine. 

Tests  were  carried  out  at  temperatures  between  room 
temperature  and  80®C.  The  temperature  controller  could  main- 
tain the  temperature  of  the  oil  bath  to  within  0.05°C  of  any 
preset  temperature  in  this  range.  The  bath  temperature  was 
measured  using  a thermometer  reading  in  units  of  0.1°C  A 
2-in. -diameter  copper  cylinder  was  placed  around  the  test 
specimen  and  the  temperature  compensation  dummy  specimen  in 
order  to  isolate  them  from  any  thermal  fluctuations  arising 
from  currents  set  up  by  the  stirring  rod  of  the  constant 


temperature  oil  bath  apparatus.  No  significant  temperature 
gradient  existed  along  the  specimen  length. 

Strain  rates  were  varied  between  the  range  of  5 x lO”"^ 

g 1 

and  5 X 10  seconds  corresponding  to  crosshead  speeds  on 
the  Instron  tensile  machine  of  0.2  inches  per  minute  and 
0.002  inches  per  minute.  At  faster  strain  rates  the  chart 
recorder  of  the  X-Y  drive  system  could  not  respond  adequately 
to  the  microstrain  changes  in  the  specimen. 

Strain  relaxation  tests  at  constant  stress  including 
anelastic  aftereffect  experiments  were  carried  out  utilizing 
the  load  weighing  system  of  the  Instron.  In  these  tests  the 
specimen  strain  was  measured  as  a function  of  time  using  a 
standard  SR-4  strain  gage  indicator.  In  the  elastic  after- 
effect tests  the  specimen  was  loaded  to  a maximum  load, 
usually  200  pounds,  then  quickly  unloaded  to  zero.  A device 
permitting  rapid  unloading  was  inserted  in  the  tensile  machine 
between  the  upper  loading  pin  and  the  specimen.  A schematic 
view  of  the  testing  apparatus  together  with  this  unloading 
device  is  shown  in  Figure  4. 

Elastic  aftereffect  as  well  as  strain  relaxation  tests 
at  constant  non-zero  stresses  were  performed  on  a modified 
creep  rupture  apparatus.  This  machine  had  a 40:1  lever  arm 
in  the  loading  system.  Stress  levels  were  maintained  with 
several  1/2  lb  weights  loaded  manually  to  the  load  pan.  In 
order  to  minimize  bending  effects  in  this  machine,  a universal 
joint  was  inserted  below  the  specimen.  Figure  5 shows  the 
experimental  apparatus  arrangement  for  these  tests.  The  same 
constant  temperature  oil  bath  was  used  with  this  machine. 
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Figure  4o  Schematic  view  of  testing  apparatus  showing 
the  rapid  unloading  device. 
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Figure  5.  Photograph  of  constant  temperature  oil  bath. 


Hysteresis  Area  Measurements 


Comparative  area  measurements  of  the  mechanical  hystere- 
sis loops  associated  with  the  stress-strain  curves  recorded 
in  this  investigation  were  made  using  a self-compensating 
calibrated  planimeter.  The  average  values  of  three  individ- 
ual measurements  for  each  area  was  used  in  reporting  these 


results . 


CHAI>TER  III 


EXPERIMENTAL  RESULTS 

The  experimental  data  obtained  during  the  course  of  this 
investigation  are  presented , for  the  most  part,  in  graphic 
form  in  the  following  chapter.  Several  [ll2l]  type  tv/ins 
were  observed  to  nucleate  when  plate  zirconium  was  pre- 
strained at  77^ K in  the  transverse  orientation.  These  twins 
acted  as  relaxation  centers  to  give  a pronounced  mechanical 
hysteresis  and  elastic  aftereffect  on  subsequent  testing  at 
temperatures  ranging  between  0°C  and  80° C.  The  magnitude  of 
the  mechanical  hysteresis  was  measured  as  a function  of 
temperature,  strain  rate,  and  amount  of  prestrain.  The 
kinetics  of  the  elastic  aftereffect  were  determined  as  a 
function  of  t-emperature  and  amount  of  prestrain.  The  relaxed 
and  unrelaxed  moduli  were  measured  as  a function  of  the  amount 
of  prestrain  at  a constant  temperature  of  80°C.  Finally,  the 
critical  stress  at  which  significant  amounts  of  anelastic 
strain  developed  for  near  equilibrium  stress-strain  tests 
was  determined  for  specimens  varying  in  amount  of  prestrain. 

Microstructure  of  Prest rained  Zirconium 

Figure  6 shows  the  microstructure  of  a transverse  speci- 
men of  zirconium  which  had  been  prestrained  0.2  per  cent  by 
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Figure  6.  Microstructure  of  transverse  zirconium  specimen 
prestrained  0.2  per  cent  by  tension  at  77°K. 
Magnification  250X.  Polarized  illumination. 


tension  at  77°K.  The  plane  of  the  photograph  is  normal  to 
the  principal  rolling  direction  of  the  original  plate 
material.  The  picture  was  taken  on  a Bausch  and  Lomb 
research  metallograph  using  polarized  light  illumination  at 
a magnification  of  250.  As  can  be  seen  from  the  micrograph, 
at  this  magnitude  of  strain  the  number  of  grains  containing 
tv/ins  is  very  sma]  1 . The  number  of  twins  per  twinned  grain 
is  also  small,  and  in  many  grains  only  a single  twin  can  be 
seen.  In  addition,  in  a large  number  of  the  twinned  grains 
only  a single  twin  orientation  is  observed. 

Figures  7 and  8 show  the  twin  structure  developed  in 
specimens  prestrained  1.84  per  cent  and  3.84  per  cent  by 
tension  at  77°K.  It  can  be  seen  in  these  micrographs  that  as 
the  amount  of  strain  at  77°K  increases,  the  number  of  grains 
containing  twins  increases  significantly.  In  addition,  the 
number  of  twins  in  each  twinned  grain  increases.  Twins  on 
several  intersecting  twin  planes  can  also  be  observed  in 
many  of  the  grains  in  these  more  highly  strained  specimens. 

Mechanical  Hysteresis 

The  nucleation  of  twins  in  transverse  specimens  by  pre- 
strain at  77°K  was  observed  to  impart  a large  mechanical 
hysteresis  to  the  material  when  subsequently  tested  in  cyclic 
loading  at  room  temperature.  Figure  9 shows  a typical 
hysteresis  loop  associated  with  the  stress-strain  curve  of  a 
zirconium  specimen  prestrained  0.65  per  cent  by  cold  rolling. 
The  maximum  stress  in  each  cycle  of  loading  was  14,500  psi 
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Figure  7,  Microstructure  of  a transverse  zirconium  specimen 
prestrained  1=84  per  cent  by  tension  at  77°K. 
Magnification  250X.  Polarized  illumination. 
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Figure  So  Microstructure  of  a transverse  zirconium  specimen 
prestrained  3.84  per  cent  by  tension  at  77°K. 
Magnification  250X.  Polarized  illumination. 


Stress  (10*^  psi) 


Figure  9.  Typical  two  cycle  room  temperature  tensile  stress- 

strain  diagram  for  a prestrained  transverse  zirconium 
. specimen.  (0.65  per  cent  prestrain  at  77°K  by 
rolling) 
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which  is  less  than  one  half  of  the  tensile  yield  stress  for 
zirconium  in  this  orientation.  A significant  deviation  from 
the  linear  relation  between  stress  and  strain  occurs  at  a 
stress  of  approximately  5,000  psi.  Therefore,  one  would  not 
expect  to  observe  a mechanical  hysteresis  loop  in  tests  run 
to  maximum  stresses  below  this  level. 

The  magnitude  of  the  energy  absorbed  during  the  cyclic 
loading  of  this  specimen  was  approximately  26  per  cent  of  the 
total  tensile  strain  energy.  In  subsequent  cycles  this 
figure  was  reduced,  but  it  remained  constant  after  five 
cycles  at  about  18  per  cent.  That  this  energy  loss  is  sig- 
nificant can  be  realized  by  comparing  these  results  with 
similar  tests  of  grey  cast  iron.  In  the  latter  the  hystere- 
sis losses  are  less  than  one  third  of  those  for  the  zirconium. 

By  testing  specimens  prestrained  to  various  amounts,  it  was 
observed  that  the  magnitude  of  the  hysteresis  loss  reached  a 
maximum  at  relatively  small  prestrain  levels.  Figure  10 
shows  the  percentage  of  energy  loss,  the  area  of  the  hystere- 
sis loop  divided  by  the  total  area  beneath  the  second  loading 
curve  on  the  stress-strain  diagram,  versus  the  amount  of  pre- 
strain at  77°K  for  specimens  prestrained  in  tension.  The 
maximum  cyclic  energy  absorption  is  seen  to  occur  at  a pre- 
strain of  slightly  less  than  1.0  per  cent.  Specimens  with- 
out prestrain  exhibit  almost  no  mechanical  hysteresis  as  is 
evident  from  Figure  10.  Longitudinal  specimens  which  deform 
primarily  by  slip  when  prestrained  at  77'’K  also  do  not  show 
a measurable  hysteresis  energy  loss. 
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Figure  10.  Fractional  cyclic  hysteresis  energy  absorption  for  transverse 
zirconium  specimens  as  a function  of  tensile  prestrain  at 
77  °K. 


The  magnitude  of  the  mechanical  hysteresis  energy  losses 
was  observed  to  be  a sensitive  function  of  the  maximum 
stress  amplitude.  Figure  11  shows  the  room  temperature 
cyclic  energy  loss  as  a function  of  stress  amplitude  for 
three  specim.ens  prestrained  0.2  per  cent,  0.64  per  cent,  and 
2.4  per  cent  by  tension.  It  is  again  evident  from  this 
figure  that  the  maximum  hysteresis  effects  are  associated 
with  prestrains  of  less  than  1.0  per  cent.  The  curves  have 
been  extrapolated  (dashed  lines)  back  to  a stress  of  5,000 
psi  where  the  first  deviation  from  linear  behavior  is 
observed  on  the  stress-strain  curves. 

The  hysteresis  loop  size  was  also  found  to  be  sensitive 
to  the  test  temperature  and  strain  rate.  Figure  12  shows  the 
percentage  of  cyclic  energy  absorbed  in  testing  a specimen 
with  0.65  per  cent  tensile  prestrain  to  a maxi:num  stress  of 
15,000  psi  at  various  temperatures  from  -72°C  to  80°C.  The 
per  cent  of  energy  absorbed  as  a function  of  strain  rate  for 
the  same  specimen  tested  at  room  temperature  is  shown  in 
Figure  13. 


Elastic  Aftereffect 

Another  important  aspect  of  the  stress-strain  curve 
shown  in  Figure  9 is  the  residual  strain  e which  remains  in 
the  specimen  after  one  complete  load  and  unload  stress  cycle 
This  residual  strain  diminishes  to  zero  with  time  producing 
the  elastic  aftereffect  phenomena.  Figure  14  shows  a sim.ple 
elastic  aftereffect  curve  at  room  tem.perature  for  a specimen 
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Figure  11,  Fractional  cyclic  hysteresis  energy 
absorption  for  prestrained  zirconium 
specimens  as  a function  of  stress 
amplitude . 
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Figure  12.  Fractional  cyclic  hysteresis  energy  absorption  for  a prestrained 
zirconium  specimen  as  a function  of  the  test  temperature. 
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Figure  13.  Fractional  cyclic  hysteresis  energy  absorption  for 
prestrained  zirconium  specimen  as  a function  of 
tensile  strain  rate. 
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Figure  14=  The  elastic  aftereffect  in  a prestrained 
zirconium  specimen  stressed  to  15,000  psi 
and  quickly  unloaded. 


pi*6S ti  ailiGd  1,36  per  cent  by  tension  at  77°K.  The  specimen 
was  loaded  to  a maximum  stress  of  15,000  psi  and  quickly  un- 
loaded to  zero  stress  in  less  than  two  seconds . The  residual 
strain  was  then  measured  as  a function  of  time.  As  can  be 
seen  from  this  figure,  the  recovery  process  is  relatively 
slow  at  this  temperature  and  several  days  are  required  for 
the  residual  strain  to  reach  zero. 

At  elevated  temperatures  the  recovery  process  is  much 
faster  and  nearly  complete  recovery  of  the  residual  strain  is 
reached  in  a matter  of  minutes.  Figures  15  and  16  show  the 
recovery  kinetics  for  specimens  tested  at  various  tempera- 
tures, The  specimens  were  prestrained  0.65  per  cent  by 
tension  and  3.0  per  cent  by  cold  rolling  respectively.  The 
aftereffect  curves  are  drawn  for  test  temperatures  of  40°, 

50  , 60  , 70  , and  80°C.  Figure  17  shows  the  anelastic  after- 
effect recovery  curves  for  five  specimens  of  various  pre- 
strains tested  at  80° C,  As  can  be  seen  by  this  figure,  the 
recovery  kinetics  for  the  aftereffect  phenomena  at  this 
temperature  do  not  vary  markedly  with  changes  in  the  amount 
of  low  temperature  prestrain. 

Relaxed  Modulus 

In  the  region  of  linear  stress-strain  response  in  a 
material  where  no  anelasticity  is  present  or  in  the  instan- 
taneous response  of  an  anelastic  m.aterial,  the  ratio  of 
stress  to  strain  is  equal  to  the  unrelaxed  modulus.  On  the 
other  hand,  under  constant  load  when  the  anelastic  strain  is 
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15,000  psi  and  quickly  unloaded. 
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Figure  16.  Elastic  aftereffect  curves  for  a zirconium  specimen  prestrained 
3,0  per  cent  by  cold  rolling  at  77°K  for  temperatures  between 
40°C  and  80°C. 


Anelastic  Strain  (10 
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Figure  17. 


Elastic  aftereffect  curves  for  five 
zirconium  specimens  of  varying  prestrains 
tested  at  S0°C. 


permitted  to  fully  develop  after  a long  period  of  time,  the 
ratio  of  stress  to  equilibrium  strain  is  the  relaxed  modulus. 
Figure  18  shows  the  relationship  betv/een  the  unrelaxed 
modulus,  the  relaxed  modulus,  the  elastic  strain,  and  the 

t ic  strain.  A stress— strain  curve  for  near  equilibrium 
conditions  for  a zirconium  specimen  prestrained  0,85  per  cent 
by  cold  rolling  is  shown  in  Figure  19.  The  temperature  of 
the  test  in  this  instance  was  80°C.  The  stress-strain  dia- 
gram was  obtained  by  loading  the  tensile  specimen  with  20-lb 
weights  under  dead  loading  conditions.  Each  loading  weight 
corresponded  to  a tensile  stress  on  the  specimen  of  approxi- 
mately 1,500  psi.  The  strain  was  measured  w'ith  a standard 
SR-4  strain  indicator.  After  a time  sufficient  to  reach  an 
approximate  equilibrium  condition  in  the  specimen,  usually 
60  minutes  at  S0°C,  an  additional  weight  was  added  to  the 
load.  The  strain  relaxation  process  was  then  repeated  at  the 
higher  stress  level.  The  maximum  stress  applied  to  the  speci- 
men v/as  approximately  15,000  psi.  The  specimen  w'as  then  step 
unloaded  in  the  same  manner,  and  strain  recovery  measurements 
were  made  as  the  specimen  length  shortened  at  each  lighter 
load.  Figure  20  shows  a similar  stress-strain  diagram 
obtained  from  loading  a specimen  in  the  Instron  tensile 
machine  at  an  extremely  slow  strain  rate.  The  crosshead 
motion  in  this  instance  was  0,0002  inches  per  minute  corre- 
sponding to  a strain  rate  in  the  specimen  of  approximately 
5 X 10  seconds  . One  complete  load  and  unload  stress- 
strain  cycle  took  122  minutes  to  complete.  By  comparing 
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am  = maximum  tensile  stress 

Cc  = critical  tensile  stress  for  anelastic  strain 
development 

C = total  strain  at  any  instant 

€r  = total  relaxed  strain,  elastic  plus  anelastic 
C*  = (Cr  - c)  = relaxable  strain  at  any  instant 
€2  = elastic  strain 


Figure  18,  Relationship  betv/een  the  unrelaxed 
modulus,  relaxed  modulus,  and  the 
stresses  and  strains  as  used  in  the 
following  discussion. 
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Figure  20.  Stress-strain  curve^recorded  on  tensile  machine  operating  at  a 

strain  rate  of  5x10  seconds"^  for  the  same  specimen  shown  in 
Figure  19. 
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Figures  19  and  20,  it  is  evident  that  the  equilibrium  state 
was  nearly  reached  at  each  point  of  the  dynamic  loading  test. 

Several  significant  results  from  the  near  equilibrium 
strain  relaxation  type  test  should  be  noted.  Under  stress- 
strain  testing  conditions,  a relatively  large  mechanical 
hysteresis  energy  absorption  loop  exists.  The  magnitude  of 
the  energy  absorption  v'as  approximately  15  per  cent  for  the 
specimen  shown  in  Figures  19  and  20.  Normally,  when  the 
strain  is  allowed  to  relax  sufficiently  to  maintain  neai’ 
equilibrium  conditions,  as  in  a torsion  pendulum  test  run  at 
a very  low  frequency  or  very  high  temperature,  a material  can 
be  expected  to  respond  along  the  relaxed  modulus  under  both 
the  load  and  unload  segments  of  the  test  cycle  resulting  in 
no  energy  absorption  or  hysteresis  loop.  In  this  test,  as  is 
evident  in  both  Figures  19  and  20,  no  anelastic  strain  was 
obseived  until  a critical  tensile  stress  of  approximately 
5,000  psi  was  reached.  Similarly,  on  unloading,  the  unre- 
laxed modulus  was  followed  with  no  anelastic  strain  recovery 
until  after  a critical  unloading  stress  was  passed. 

After  exceeding  the  critical  stresses  for  the  develop- 
ment or  recovery  of  anelastic  strain  both  on  loading  and  un- 
loading, the  amount  of  strain  was  observed  to  be  linearly 
related  to  the  stress.  The  results  show  that  this  zirconium 
specimen  had  a clearly  defined  relaxed  modulus.  At  this 

temperature  the  magnitude  of  the  relaxed  modulus  was  found 
“G 

to  be  9.1  X 10  psi  for  this  specimen. 


Similar  near  equilibrium  stress-strain  curves  at  80° C for 
specimens  of  various  increasing  prestrains  are  shown  in 
Figures  21  through  26.  It  is  evident  from  these  figures  that 
the  basic  s tress— strain  response  of  the  material  under  these 
nearly  equilibrium  test  conditions  is  the  same  for  each  of 
the  prestrain  treatments.  A critical  stress  must  be  reached 
before  anelastic  strain  relaxation  appears  both  on  loading 
and  unloading.  A sizable  mechanical  hysteresis  energy 
absorption  occurs  even  at  near  equilibrium  conditions.  In 
some  cases  of  testing  the  strain  remaining  in  the  test  speci- 
men after  unloading  did  not  reach  zero  even  after  several 
hours  at  zero  stress.  The  per  cent  strain  remaining  in  the 
most  severe  case  did  not  exceed  5 per  cent  of  the  total  strain, 
elastic  plus  anelastic,  measured  at  the  maximum  load.  In 
these  cases  it  was  believed  that  some  plastic  strain  compo- 
nent appeared  due  to  creep  when  the  specimen  was  subjected 
to  high  stresses  during  the  extended  period  under  load.  The 
test  of  the  zirconium  specimen  prestrained  0.4  per  cent  by 
tension  showed  the  most  significant  amount  of  plastic  strain. 
This  specimen  test  was  rerun  using  a fully  automated  strain 
sensing  recorder  in  place  of  the  SR-4  strain  indicator.  In 
this  second  test  the  near  equilibrium  stress-strain  curve 
shown  in  Figure  21  was  reproduced  with  no  additional  plastic, 
nonrecoverable  strain  component. 

Table  2 lists  the  values  for  the  relaxed  and  unrelaxed 
moduli  together  with  the  v’alues  of  the  critical  stresses  for 
anelastic  strain  development  and  I’ecovery  for  the  several 
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specimens  tested  at  80°C  and  shown  in  Figures  18  through  25. 
The  critical  tensile  stress  for  anelastic  strain  recovery  is 
the  maximum  applied  stress  minus  the  stress  at  which  signifi- 
cant strain  recovery  is  observed  on  unloading. 


CHAPTER  IV 


DISCUSSION 

Twin  Dislocation  Intersection  and  Growth 

It  is  generally  agreed  that  an  annealed  metal  crystal 
usually  contains  a well-defined  Frank  network  of  dislocations 
(46).  The  dislocations  within  the  crystal  form  a metastable 
equilibrium  arrangement  in  which  the  free  energy  of  the 
crystal  is  minimized.  The  most  common  arrangement  is  for  the 
dislocations  to  form  in  stable  two-dimensional  arrays  at  sub- 
grain boundaries  with  a number  of  dislocations  forming  a 
three-dimensional  netw'ork  distributed  in  the  interior  of  the 
subgrains.  The  Frank  network  is  composed  of  a mechanically 
stable  arrangement  of  dislocations  connected  at  immobile 
nodes . 

Such  a network  was  observed  in  zirconium  by  J . E.  Bailev 
(47,  48).  Using  techniques  of  thin  film  electron  microscopy, 
he  analyzed  the  dislocation  arrangements  in  polycrystalline 
zirconium  of  two  different  compositions.  He  observed  that  in 
argon-arc-melted  crystal  bar  zirconium,  which  contained 
approximately  0.03  weight  per  cent  oxygen  plus  nitrogen,  the 
dislocations  formed  complex  tangles  much  like  those  observed 
in  face-centered  cubic  metals.  On  the  other  hand,  commercial 
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grade  zirconium  containing  about  0.1  weight  per  cent  of 
oxygen  and  nitrogen  showed  dislocations  confined  to  specific 
crystal  planes  corresponding  to  slip  operating  on  <1010> 

. In  we  1 1 —anneal ed  samples  of  the  commercial  zirconium, 
moreover,  dislocation  networks  were  observed  which  were 
analyzed  as  networks  on  the  basal  plane. 

The  zirconium  used  in  the  present  investigation  was  of 
the  same  approximate  purity  as  the  commercially  pure  material 
used  by  Bailey.  It  contained  960  parts  per  million  of  oxygen 
and  39  parts  per  million  of  nitrogen  which  compared  very  well 
with  the  0.1  weight  per  cent  of  these  gases  in  the  material 
used  by  Bailey.  On  the  basis  of  his  microscopy  work  one 
could,  therefore,  conclude  that  the  zirconium  used  in  this 
study  contained  a well-defined  Frank  network  of  dislocations 
in  the  interior  of  the  crystal  grains.  It  is  also  interest- 
ing to  note  at  this  point  that  Bailey  observed  a pile-up  of 
dislocations  at  a grain  boundary  in  a sample  of  the  commer- 
cial purity  zirconium  which  had  been  deformed  1 per  cent  in 
tension . 

The  density  of  the  grown-in  dislocations  that  are  found 
in  the  Frank  network  has  been  measured  in  both  single  crystals 
and  polycrystalline  material  by  several  investigators.  Many 
experimental  methods  are  used  to  measure  dislocation  densi- 
ties ranging  from  dislocation  etch  pit  counts  on  the  crystal 
surfaces,  or  direct  observation  in  thin  foils  by  electron 
microscopy,  to  deductions  from  X-ray  misorientation  measure- 
ments. In  recent  work  on  single  crystals  of  well -annealed 
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pure  iron,  the  dislocation  density  was  determined  by  A . S. 

Q 

Keh  (49)  to  be  approximately  10  lines  per  square  centimeter. 
P.^B.  Hiisch  and  J.  S.  Lally  (50)  determined  a similar  den— 

g 

sity  of  10  lines  per  square  centimeter  in  single  crystals 
of  magnesium.  It  would  be  expected  that  polycrystalline 
ma  .erial  would  have  a higher  density  than  single  crystals 
J.  E.  Bailey  (51)  has  presented  some  results  from  which  the 
dislocation  density  in  polycrystalline  zirconium  can  be 
estimated.  In  an  electron  micrograph  of  an  annealed  zirco- 
nium specimen  foil,  the  dislocation  structure  was  detailed 
by  the  formation  of  a hydride  precipitate  on  the  foil  surface 
at  the  points  of  emergence  of  the  dislocations.  By  assuming 
a dislocation  exists  at  each  precipitate  particle,  even 
where  contrast  effects  might  not  be  favorable  for  their 
appearance,  an  order  of  magnitude  estimate  of  the  dislocation 
density  can  be  determined.  The  dislocation  density  estimate 
determined  in  this  manner  was  10^  lines  per  square  centimeter. 
Observat ions _ of  chem.ically  etched  surfaces  of  polycrystalline 
zirconium  in  the  electron  microscope  by  T.  Tomiki  and  S. 

Ogawa  (52)  showed  that  the  dislocations  revealed  by  etch 
pits  have  a density  of  nearly  10®  lines  per  square  centimeter. 
We  can  conclude,  therefore,  with  some  confidence  that  the 
grown-in  dislocation  network  probably  has  a dislocation  den- 
sity  between  10  and  10  lines  per  square  centimeter  in  the 
annealed  commercial  pure  polycrystalline  zirconium  used  in 
this  investigation. 

A quantitative  measure  of  the  fraction  of  tensile 


strain  due  to  twinning  in  similar  material  has  been  made 
for  tensile  deformation  at  77  K (d8,  40) . These  measure- 
ments show  that  a low  temperature  prestrain  in  transverse 
zirconium  specimens  in  the  range  of  less  than  1 per  cent 
will  nucleate  numerous  fine  twins  of  the  forms  { 10l2] , [ll22], 
and  {1121}.  The  volume  fraction  measurements  for  each  type 
of  twin  show  that  the  {ll2l}  type  twin  is  responsible  for 
nearly  all  of  the  deformation  at  these  small  prestrains. 

The  number  of  {1122}  twins  is  not  significant  while  the  small 
value  of  the  twinning  shear  0.17  for  {lol2}  twins  limits  its 
contribution  to  the  total  tensile  strain.  These  {ll2l}  twins, 
nucleated  at  the  low  temperature,  would  necessarily  have  to 
intersect  the  grown-in  dislocations  of  the  Frank  network. 

The  resulting  dislocation— twin  intersection  structure  will 
be  discussed  belov.'. 

The  number  of  dislocations  which  intersect  the  twin 
boundarjr  can  be  calculated  using  the  average  grain  diametei' 
and  the  estimated  dislocation  density  of  the  Frank  network. 

The  average  grain  diameter  (Figure  1)  as  measured  by  the 
linear  intercept  method  was  determined  to  be  approximately 

_3 

3 X 10  centimeters.  The  resulting  cross  sectional  area  of 
the  average  grain  is,  therefore,  7 x lo"®  square  centimeters. 
Assuming  that  the  twins  which  nucleate  at  77°K  traverse  the 
entire  grain,  this  will  equal  the  average  twin  surface  area 
for  one  half  of  the  twin.  Therefore,  for  a dislocation  den- 

g 

sity  of  10  lines  per  square  centimeter  the  number  of  dislo- 
cations threading  the  twin  is  700.  Similarly,  for  a density 


of  10  lines  per  square  centimeter  the  number  is  7,000. 

From  these  calculations  it  is  evident  that  the  number  of 
dislocations  which  intersect  the  twin  boundary  surfaces  is 
very  large. 

In  order  to  determine  the  effect  of  a dislocation  twin 
boundary  intersect  ion , it  will  be  necessary  to  consider  the 
various  types  and  orientations  of  dislocations  which  may 
exist  in  the  polycrystalline  zirconium  Frank  network.  Both 
1/3  L1120]  and  1/3  [ll23]  type  dislocations  should  be  con- 

sidei'ed  (30).  The  1/3  [ll20]  type  dislocations  in  the  basal 

plane  are  associated  with  three  types  of  slip  deformation  in 
the  hexagonal  crystal  structure  of  zirconium:  [ lOlO]  prism 
slip,  {0002}  basal  slip,  and  [lOll]  pyramidal  slip.  Of  these 
three  the  most  important  deformation  mode  is  prism  slip. 

The  significance  of  the  1/3  l1123j  type  dislocation  in  defor 

mation  of  zirconium  has  not  been  completely  resolved.  Dis- 
locations of  this  type  were  first  observed  in  zinc  crystals 
by  R.  L.  Bell  and  R.  W.  Cahn  (53)  and  have  also  been  observ'^ed 
by  P.  B.  Price  (54,  55,  56)  in  cadmium  and  zinc  crysta.ls.  In 
addition,  D.  H.  Baldwin  (57)  has  observed  {ll22}  slip  in  zir- 
conium deformed  at  low  temperatures  by  torsion.  This  defor- 
mation may  be  due  to  dislocations  with  a 1/3  [ll23]  Burgers 

vector. 

In  the  hexagonal  crystal  there  exist  three  orientations 
for  the  1/3  [1120]  type  dislocations,  a^,  and  a^ , which 

lie  120  degrees  apart  in  the  basal  plane.  Of  these  three 
only  one  will  shear,  the  [ll2l)  twin  on  intersection  in  a 
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direction  normal  to  its  projection  on  the  basal  plane. 
Figure  27  shows  the  relation  between  the  {ll2l}  plane  and 
the  "a”  type  slip  dislocations.  The  intersection  of  the 
dislocation  with  the  {ll2l}  twin  would  result  in  a shear 
displacement  of  two  {ll2l}  planes.  Each  of  the  other  two 
dislocations  of  the  1/3  [ll20]  types,  o.  ^ and  a^ , would 

intersect  the  uwin  with  a shear  displacement  of  only  one 

inteiplanar  spacing  since  they  are  both  arranged  at 
angles  of  60  degrees  to  the  projection  of  the  11121}  twin 
plane  and  the  basal  plane.  The  1/3  [1123]  dislocations 

would  sheai  the  twin  boundary  in  an  analogous  fashion  pro- 
ducing shear  steps  on  the  twin  of  either  0,  1,  2,  or  3 
interplanar  spacings. 

The  shear  steps  which  result  from  the  intersection  of 
these  dislocations  with  the  [ll2l]  type  twins  leave  corres- 
ponding twinning  dislocations  of  either  0,  1,  2,  or  3 "t’’ 
Burgers  vectors  along  the  twin  surface  (58,  59).  It  is 
possible  for  the  higher  number  of  "t"  type  twinning  Burgers 
vector  dislocations  on  the  surface  of  the  twin  to  dissociate 
so  as  to  form  groups  of  single  ”t”  dislocations.  How'ever , a 
twinning  dislocation  of  Burgers  vector  2t  puts  the  lattice 
back  in  registry  across  the  twin  plane.  A 2t  twinning  dis- 
location may,  therefore,  be  a mobile  dislocation  on  the  twin 
surface  while  a It  or  3t  Burgers  vector  dislocation  may  not 
be  mobile.  The  main  point  of  the  above  discussion  is  that 
not  all  twin  boundary  dislocation  intersections  need  lead  to 
the  formation  of  mobile  twinning  dislocations  on  the  twin 
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Figure  27,  The  relationship  betv/een  the  {1121} 
plane  and  the  "a"  <1120>  slip 
dislocations  in  the  zirconium  hexagonal 
crystal_structure , 

(a)  {ll21j  twin  plane  in  hexagonal 
crystal. 

(b)  Projection  of  {1121}  twin  planes 
on  basal  plane  showing  their 
intersections  with  the  a^^,  2^^, 
and  a3  slip  dislocations. 


surface.  Those  which  are  mobile  probably  have  a 2t 
Burgers  vector. 

Figure  28  shows  the  relationship  between  the  {ll2l} 
twin  habit  plane,  the  "t"  Burgers  vector  and  the  unit  "a" 
vector  in  the  basal  plane.  The  magnitude  of  "t”  is  given  by 
the  following  relations; 

t = 2h  tan  18° 

where  h is  the  perpendicular  distance  between  {ll2l]  planes, 
and 

2h  = a cos  18° . 

Therefore , 

t = a cos  18°  tan  18° 
t = a sin  18° 
t = 3.2  X 10~®  sin  18°  cm 
t = 1 . G X 10  cm . 

The  diiection  of  che  "t”  Burgers  vector  lies  along  the  N- 
shear  direction,  [ 1126j,  of  the  {1121}  type  twin  for  a dis- 
location of  edge  orientation. 

Model  of  Twin  Surface 

The  {1121}  type  twins  nucleated  at  77°K  during  the  pre- 
strain intersect  the  grown-in  dislocation  of  the  Frank  net- 
work. At  the  intersection  of  each  twin  and  mobile  dislocation 
a step  is  created  on  the  boundary  corresponding  to  a dislo- 
cation of  probable  Burgers  vector  2t . On  subsequent  stress- 
ing these  twinning  dislocations  can  spiral  outward  between 
the  Frank  network  increasing  the  thickness  of  the  twin. 
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{1121}  Twin  Plane 


Figure  28.  (a)  The  relation  between  the  {1121}  twin 

habit  plane,  the  twinning  disloca- 
tion (t)_Burgers  vector,  and  the 
unit  <1120>  vector  in  the  basal  plane, 
(b)  View  along  twin  plane  between  twinned 
and  untwinned  crystal  showing  t 
Burgers  vector  dislocation. 


This  model  is  analogous  to  the  model  of  crystal  growth  pro- 
posed by  F,  C.  Frank  (60,  61) , In  order  to  explain  the  dis- 
crepancy between  the  theoretical  and  observed  supersaturation 
concentrations  required  to  grow  two-dimensional  monolayers  of 
crystals  from  the  vapor,  Frank  proposed  that  a dislocation  in 
the  screw  orientation  which  emerged  normally  to  the  crystal 
surface  would  provide  a molecular  terrace  on  which  growth 
couj-d  continue  v/ithout  the  need  for  fresh  two-dimensional 
nucleation.  The  model  requii’es  a dislocation  with  a Burgers 
vector  in  which  the  projection  normal  to  the  plane  of  growth 
is  equal  to  the  crystal  interplanar  spacing.  Such  a disloca- 
tion would  provide  a "spiral  staircase"  for  indefinite  growth 
at  low  supersaturation  levels. 

The  growth  mechanism  for  the  twin  case  is  similar. 

A.  H.  Cottrell  and  B.  A.  Bilby  (24)  first  proposed  a pole 
mechanxsm  for  the  normal  growth  of  a twin  in  body-centered 
cubic  materials.  The  pole  dislocation  mechanism  for  hexa- 
gonal materials  was  first  presented  by  N.  Thompson  and  D.  J. 
Millard  (25) . The  pole  dislocation  must  have  a Burgers 
vector  with  a component  normal  to  the  twin  plane  equal  to 
a multiple  of  the  twin  plane  separation.  As  the  twinning 
dislocation  moves,  it  rotates  about  the  pole  dislocation; 
and  the  twin  surface  is  displaced  outward. 

The  ledges  in  the  mechanism  of  crystal  growth  proposed, 
by  Frank  are  analogous  to  the  twinning  dislocations  in  the 
m.odel  for  twin  growth.  The  twin  boundaries  observed  in  the 
zirconium  microstructure  (Figure  6)  are  relatively  straight 


and  are  assumed  to  be  nearly  coherent.  Therefore,  it  is 
reasonable  to  assume,  as  Frank  did,  that  poles  of  opposite 
type  are  interconnected.  When  a single  pole  is  near  the 
grain  boundary,  its  associated  twinning  dislocation  ca.n  be 
assumed  to  run  out  to  the  grain  edge  forming  a single  spiral 
step  on  the  twin  surface.  Poles  of  opposite  type  w'ould  form 
closed  teri’aces  of  twinning  dislocations  analogous  to  the 
Irank-Read  source  for  dislocation  multiplication.  Therefore, 
many  poles  can  intersect  the  twin  and  still  result  in  a 
nearly  coherent  boundary.  Assuming  all  the  dislocations 
intersecting  a twin  w’ould  have  the  same  sign,  700  or  7,000 
dislocations  would  have  a maximum  step  height  of  the  order 

of  700  to  7,000  1.  This  would  be  difficult  to  detect  opti- 
cally , 

In  order  to  determine  the  factors  which  control  twin 
growth,  it  is  necessary  to  consider  the  way  in  which  a ledge 
or  terrace  on  the  twin  boundary  can  move  through  non-moving 
poles  and  their  associated  dislocations.  Figure  29  shows 
two  possible  dislocation  configurations  which  can  result 
from  the  outward  movement  of  a twin  terrace  through  the 
nearby  network  of  non-moving  dislocation  poles..  In  part  (a) 
a terrace  moving  from  left  to  right  intersects  a dislocation 
pole  forming  a terrace  of  tw'ice  the  usual  height.  The  dis- 
location loops  around  and  pinches  tog;ether  as  segments  of 
opposite  sign  intersect  and  pass  through  the  non-moving  pole. 
An  analogous  situation  occurs,  part  Cb) , when  the  moving 
terrace  intersects  a pole  from  right  to  left.  In  general. 
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Figure  29.  Two  possible  configurations  for  the  growth 
of  a twin  terrace  through  non-moving 
dislocation  poles. 

(a)  Twin  terrace  moving  from  left  to  right. 

(b)  Twin  terrace  moving  from  right  to  left. 


therefore,  there  is  appax'eritly  no  reason  why  an  expanding 
ledge  cannot  move  across  the  twin  boundary  and  increase  the 
twin  thickness. 

The  factor  which  controls  the  movement  of  the  twinning 
dislocation  ledges  is  the  radius  of  curvatuj’e  into  which 
the  expanding  ledge  must  be  bent  in  passing  through  the  non- 
moving dislocation  poles.  The  situation  is  completely 
analogous  to  the  Frank-Read  mechanism  for  dislocation  multi- 
plication and  growth.  The  model  for  twin  growth  can  be 
thought  of  as  a single  Frank-Read  source  at  the  center  of 
the  twin  boundary.  As  shown  above,  the  average  dislocation 
density  of  the  Frank  network  is  approximately  10^  lines  per 
centimeter  squared.  This  implies  that  the  mean  separation 
of  dislocations  is  about  10  ^ centimeters. 


The 

fore 


radius  of  a corres 
, be  approximately 

r - d _ 10"^ 

2 2 


ponding  Frank-P.ead  source 

_5 

5 X 10  centimeters. 

= 5 X 10  ^ cm 


would , 


there- 


According  to  Cottrell  (17)  the  shear  stress  &,  dislocation 
line  T,  radius  of  curvature  r,  and  Burgers  vector  b,  are 
related  in  the  following  manner  for  a curved  dislocation 
loop : 
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a = 


br 


The  line  tension  of  a circular  dislocation  as  a function  of 
its  radius  has  bean  evaluated  by  D.  J.  Bacon  and  A.  G. 

Crocker  (62).  Figure  30  shows  this  line  tension  function. 
The  line  tension  is  plotted  in  terms  of  the  shear  modulus  jj, , 
and  the  Burgers  vector  squared  b^,  as  a function  of  the 
r of  the  dislocation  loop.  For  a loop  radius  of 

_5 

5 X 10  centimeters,  the  corresponding  line  tension  is 
2 

0.72  ^b  . The  Burgers  vector  length  of  a mobile  twinning 
dislocation  was  shown  above  to  be  probably  2.0  x lO""^  centi- 
meters. Using  a shear  modulus  of  5 x 10^  psi  (63,  64)  for 
polycrystalline  zirconium,  the  shear  stress  necessary  to 
bend  an  initially  straight  tw'inning  dislocation  to  its  criti- 
cal curvature  is  approximately  1,440  psi. 

„ _ 0.72  X 5 X 10®  x 2.0  x lO"^  , .. 

u — I 440  psi 

5 X 10  ^ 

Using  a length  of  1.0  x 10  centimeters  corresponding  to  a 
twinning  dislocation  of  length  t,  the  calculated  shear  stress 
would  be  720  psi. 

The  nearly  symmetrical  shape  of  the  approximate  equilib- 
rium stress-strain  curves  shown  in  Figures  21  through  26 
indicates  that  both  on  loading  and  unloading  the  tv/inning 
dislocations  are  bent  from  an  initially  curved  position 
through  the  position  of  zero  stress  to  the  critical  curvature 
of  opposite  sign.  The  residual  bowing  of  the  dislocations  in 
the  direction  opposite  to  the  initial  loading  stress  results 
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Figur©  30.  The  line  tension  of  a circular  dislocation  as  a function  of  its 


from  a back  stress  due  to  dislocations  which  moved  over  the 
twin  surfaces  in  fi'ont  of  the  sources  during  the  prestrain 
treatment  at  77°K.  Thus,  the  shear  stress  required  to  cause 
large  scale  nonelastic  strain  development  or  recovery  would 
be  twice  that  calculated  above  for  both  the  loading  and  un- 
loading portion  of  the  stress-strain  diagram.  Using  this 
assumption  together  with  a value  of  the  orientation  factor 
for  {1121}  twins  of  0,42  (40),  the  critical  tensile  stress 
for  anelastic  strain  development  would  be  6,880  and  3,440 
psi  respectively  for  Burgers  vectors  of  lengths  2t  and  It. 
Table  2 shows  the  experimental  values  of  the  tensile  stresses 
for  anelastic  strain  development  for  the  specimens  shown  in 
Figures  19  through  26,  The  average  value  for  these  .seven 
specimens  was  4,800  psi.  The  agreement  between  this  average 
stress  and  chose  calculated  from  the  abov'e  relations  is  verv 
good  considering  the  hypothetical  nature  of  the  proposed 
model.  The  correlation  indicates,  therefore,  that  the  basic 
assumptions  of  the  model  m.ay  be  correct. 

Model  for  Back  Stress  Limiting  Twin  Growth 

The  actual  twins  as  nucleated  in  the  prestrained  zirco- 
nium are  nearly  always  straight-sided.  This  implies  that 
the  boundaries  are  under  a condition  of  zero  stress  and  are 
essentia.lly  coherent.  As  can  be  seen  by  the  microstructure  of 
the  prestrained  zirconium.  Figures  6 through  8,  most  of  the 
twins  end  at  a grain  boundary.  The  shear  associated  with  an 
average  twin  is  of  the  order  of  100  A (40) . A shear  of  this 
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magnitude  associated  with  the  twins  must  produce  a very 
large  stress  in  the  grains  facing  the  ends  of  the  twins. 

It  is  logical  to  assume  that  the  stress  concentration  ahead 
of  the  twins  is  partially  relaxed  by  slip  in  these  grains. 

A model  of  the  twinned  region  which  conforms  to  the  above 
assumptions  is  shown  in  Figure  31(a).  Considering  these 
assumptions,  it  is  not  unreasonable  to  simplify  this  model 
further.  An  equivalent  model  is  shown  in  Figure  31(b).  It 
is  reasonable  to  assume  that  the  dislocation  distribution  at 
the  twin  edges  and  adjoining  grains  can  be  replaced  by  a 
single  dislocation  at  the  twin  boundary.  The  single  dislo- 
cation would  have  a Burgers  vector  equivalent  to  the  total 
Burgex’s  vector  of  the  twinning  dislocations  plus  the  slip 
dislocations  in  the  adjoining  grains.  The  center  of  the 
dislocation  distribution  must,  therefore,  lie  close  to  the 
edge  of  the  twin. 

The  effective  Burgers  vector  of  the  dislocation  distri- 
bution as  depicted  at  the  edge  of  the  twin  can  be  determined 
in  the  following  way.  The  external  strain  which  results 
from  a dislocation  moving  on  its  slip  plane  is  given  by 
Cottrell  (17)  as 


where  A is  the  area  through  which  the  dislocation  moves,  V is 
the  specimen  volume,  and  b the  dislocation  Burgers  vector. 

This  may  be  generalized  for  the  conditions  under  consideration 
to 


75 


H 

h~ 


c! 


bJD 

G 

•H  X! 

^ Q) 

O 0)  Cfl  G 
X!  x:  O -H 
m Ca  ^ 

O -P 
0)  tii)  G 
O G D<  0) 
GO  X 
tp  iH  O X 
G G X 
0)  +>  X 

■MG  G 
G O /-N 
•H  -H  X G 
•P  O 
G G -H 
•H  X X3  X 
^ -H  G G 
X G G O 
X O 

<"-•  CC  M rH 

iH  -H  G K 
jCa  X5  -H  -H 
tH  cJ  X3 
<H  G G 
O fcij  O 

•H  rH 

tP  X fci)  fci) 

O Cti  G G 
O *P  *P 

c o G m 

0 iH  *P 
■H  (fi  O G 

+->  -p  'o 

G "0  X!  fcC 
G G G 
X QJ  -P 
CO  IH  Q)  4-> 

G X X G 
rH  G X +J 
rH  X 'H 
•H  O G X 
G -H  CO 

o a X 

•P  X!  G 
X (U  G CO 
G X G 
S X X . 
O GOO 
X /->.  -H  XJ  bO 
O G ?:  O X 
CQ  X S O 


CO 


H 

H 

H 


o 

tD 

•H 


76 


where  is  the  total  relaxable  tensile  strain  due  to  the 
motion  of  the  [ll2l]  twin  boundaries,  is  the  surface  area 
per  unit  volume  of  the  twins,  m the  average  orientation  fac- 
tor to  account  for  the  fact  that  the  measured  strain  is  ten- 
sile while  the  twinning  displacements  are  shear  strains,  and 
beff  is  the  effective  Burgers  vector  at  the  twin  edge.  Figure 
32  shows  the  measured  surface  area  of  [ll2l]  twins  as  a func- 
tion of  prestrain  for  prestrains  of  less  than  1 per  cent  by 

tensile  deformation  (38).  From  this  figure  it  is 
seen  that  the  surface  area  per  unit  volume  for  this  type  of 
twin  is  nearly  linearly  related  to  the  magnitude  of  prestrain. 
Figure  33  shov/s  the  experimentally  determined  values  of  the 
total  relaxable  strain  as  a function  of  prestrain  as  measured 
in  the  various  tests  used  in  this  investigation.  Here  again, 
for  prestrains  of  less  than  1 per  cent  the  relaxable  strain 
can  be  nearly  linearly  related  to  the  prestrain.  Therefore, 
substituting  these  results  into  the  above  equation,  the 
effective  Burgers  vector  is  given  by  the  relation 


b 


eff 


2.L. 

mK* 


where  = K and  = K Using  the  values  of  k'  = 2.25 

x 10  cm  and  K = 6.25  x 10  ^ as  determined  from  Figures  32 
and  33,  the  calculated  value  of  the  effective  Burgei’s  vector 
is  130  X 10  centimeters. 


Surface  Area  Per  Unit  Volume  (Cm  /Cm 


Figure  32.  Measured  surface  area  of  {1121}  twins 
as  a function  of  the  amount  of 
prestrain. 
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Figure  33.  Total  relaxable  or  anelastic  strain  at  15,000  psi  as 
function  of  prestrain  for  zirconium  specimens  tested 
at  80°C. 


Under  near  equilibrium  conditions  in  which  almost  all 
of  the  relaxable  strain  has  been  generated,  the  applied 
stress  at  the  source  of  the  twinning  dislocation  would  be 
reduced  to  , the  critical  stress  for  dislocation  motion. 

The  back  stress  at  the  source  for  a dislocation  loop  with  an 
effective  Burgers  vector  of  130  x lo"®  centimeters  can  be 
calculated  using  the  formula  introduced  above. 


a = -: 


br 


.-3 


In  this  instance  r is  the  average  grain  radius  (1.5  x lo' 

centimeters)  and  b is  the  effective  Burgers  vector  (]30  x 
“8 

10  centimeters).  From.  Figure  30,  the  line  tension  T of  a 
dislocation  loop  is  given  as  1.04  pb^.  The  back  stress  is 
then 


1.04  X 5 X 10®  X 130  X 10"® 


1.5  X 10 


-3 


4,500  psi 


The  observed  average  applied  stress  which  this  back  stress 
would  necessarily  balance  under  near  equilibrium  conditions 
for  the  seven  experimental  tests  run  at  80°C  for  various 
prestrain  amounts  was  4,360  psi  (Table  2). 

^ ~ (15,200  — 4,800)  0.42  = 4,360  psi 
The  excellent  agreement  between  the  calculated  value  and  the 
observed  value  tends  to  show  that  the  assumptions  miade  in 
developing  this  twin  model  are  valid. 
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Shape  of  the  Two  Cycle  Hysteresis  Loop 

The  shape  of  the  two  cycle  hysteresis  loop  can  be  ex- 
plained using  the  model  of  twin  growth  presented  above  in 
combination  with  the  observ'at ion  that  the  movement  of  twin- 
ning dislocations  along  the  twin  matrix  interface  was 
thermally  assisted.  On  application  of  the  load  the  twinning 
aislocations  remained  immobile  until  the  critical  stress  was 
reached  for  operating  the  Frank-Read  sources.  Up  to  that 
point  the  material  responded  in  an  elastic  manner  following 
the  unrelaxed  modulus.  When  the  critical  stress  for  ooer- 
ating  the  smallest  Frank-Reed  source  was  reached,  the  twin- 
ning dislocations  assisted  by  thermal  energy  were  able  to 
move  out  on  the  twin  matrix  interface  to  the  grain  boundaries. 
Here  they  were  held  up  and  exerted  a back  stress  at  the 
source  to  reduce  the  applied  stress.  When  the  load  was 
applied  sufficiently  slowly,  the  dislocations  were  able  to 
move  in  a manner  which  maintained  the  back  stress  in  equilib- 
rium with  the  applied  stress  in  excess  of  the  critical  stress 
for  operating  the  Frank-Read  source.  In  this  instance  the 
specimen  followed  the  relaxed  modulus  at  each  point  of  the 
stress-strain  curve  above  cr^.  On  unloading  the  twinning 
dislocations  remained  relatively  stationary  until  the  criti- 
cal stress  for  operating  the  Frank-Read  source  was  reached 
in  the  opposite  direction.  Here,  the  back  stress  due  to  the 
dislocation  pile-up  along  the  grain  edges  aided  in  causing 
the  twinning  dislocations  to  reverse  their  m.otion.  Again, 


when  the  load  was  removed  slowly,  the  dislocations  were  able 
to  maintain  a back  stress  in  equilibrium  w'ith  the  applied 
stress  and  the  stress-strain  curve  followed  the  relaxed 
modulus  line.  The  closed  loop  configuration  for  the  stress 
cycle  as  shown  in  Figure  19  was  the  result. 

When  the  load  was  applied  or  removed  at  faster  rates  so 
that  the  dislocations  could  not  maintain  an  equilibrium  back 
stress  on  the  Frank-Read  source,  a different  stress-strain 
configuration  resulted.  On  loading, the  stress  at  w'hich 
significant  deviation  from  the  unrelaxed  modulus  occurred 
w'as  higher  depending  on  the  rate  of  loading.  Likewise,  the 
slope  of  the  stress-strain  curve  at  higher  stresses  was  at 
an  intermediate  value  between  the  unrelaxed  and  the  relaxed 
moduli  and  varied  with  the  applied  stress.  At  any  particular 
spot  on  the  loading  curve  the  dislocations  at  the  twin  edges 
were  less  than  fully  developed.  An  additional  component  of 
anelastic  strain  c formed  with  time  when  the  loading  was 
stopped.  A similar  situation  developed  on  unloading.  When 
zero  stress  was  reached,  a component  of  anelastic  strain 
remained  in  the  test  piece  and  decayed  with  ti.me  to  zero. 

This  resulted  in  the  anelastic  aftereffect.  Figure  34  show's 
the  tensile  stress-strain  curve  for  a transverse  zirconium 
specimen  strained  0.65  per  cent  by  tension  at  77°K.  The 
test  was  run  at  80°C  at  a strain  rate  of  2.7  x 10~^ 
seconds  . Superimposed  on  this  curve  is  the  nearly  equilib- 
rium stress-strain  curve  for  this  specimen.  This  figure 
shows  the  extent  of  anelastic  strain  which  can  be  expected  to 
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develop  at  each  point  on  the  stress-strain  curve.  This 
relaxable  strain  is  the  difference  between  the  two  curves  at 
any  constant  stress  level.  On  loading  and  unloading  signif- 
icant anelastic  strain  development  did  not  occur  until  the 
corresponding  position  on  the  equilibrium  diagram  was  passed. 

Elastic  Aftereffect 

The  equations  governing  the  elastic  aftereffect  phenom- 
ena have  been  presented  in  detail  by  E . E.  Reed-Hill  and 
E.  P.  Dahlberg  (26,  27).  The  relationships  for  the  relax- 
ation of  strain  at  constant  stress  and  the  relaxation  of 
stress  at  constant  strain  were  derived  from  the  basic  equa- 
tion of  strain  relaxation  due  to  Kuhlman  (28).  The  relax- 
ation v/as  assumed  to  result  from  a reversible  thermally 
activated  process  which  occurred  at  a number  of  relaxation 
centers  embedded  in  an  elastic  matrix. 

-(AF^  - Vdg)  + VOs) 

< = yFve  - yNi/e  rt  [l] 

In  this  equation  c is  the  strain  rate,  the  free  energy 

of  activation  for  the  mechanism  controlling  the  strain 
relaxation,  V an  activation  volume,  R the  gas  constant,  T 
the  absolute  temperature,  v the  Debye  frequency,  y the 
strain  contribution  of  a unit  process,  and  N the  number  of 
relaxation  centers  per  unit  volume,  is  the  effective  or 

average  resolved  stress  at  the  relaxation  center  corre- 
sponding, in  this  instance,  to  the  instantaneous  stress  on 
the  twinning  dislocations  minus  the  critical  stress  for 


operation  of  the  Frank-Read  source, 
written 


This  equation  may  be 


- 

RT  Va 

e = 2Ae  sinh  [2] 

' ± 

where  A = yNl-’e  R and  /iiS  and  Q are  the  activation  entropy 
and  activation  energy  of  the  relaxation  mechanism. 

At  this  point  it  is  necessary  to  introduce  the  concept 
of  the  relaxable  strain  in  order  to  relate  to  € and  inte- 

grate equation  [2].  To  do  this  the  following  equa.tion  is 
introduced , 


M e = a - a 
r a c 


(M„  - Kp 

M 

u 


(1.1  - M ) 

u r 


m M' 


o 


u 


[3] 


Mp  ^rid  are  the  relaxed  and  unrelaxed  moduli  respectively, 
the  applied  constant  tensile  stress,  the  tensile  stress 
corresponding  to  the  point  where  the  Frank— Read  sources  of 
the  twinning  dislocations  first  begin  to  operate,  and  iii  an 
average  orientation  factor  that  accounts  for  the  fact  that 
the  effective  stress  at  the  relaxation  center  is  a shear 
stress  and  not  a tensile  stress.  This  equation  is  of  the 
form  first  derived  by  Zener  (29)  for  the  case  of  strain 
relaxation  at  slip  bands.  In  this  instance  it  has  been 
modified  to  account  for  the  stress  necessary  to  initiate 
the  twinning  dislocation  loop  motion.  Solving  this  equation 
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Where  e^_  the  total  relaxed  or  maximum  strain  is 


given  by 


€ 
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M ) 

r / 


a 

c 


[5] 


The  strain  capable  of  relaxing  at  any  given  instant  is 

relaxable  strain,  and  this  strain  will  be  de- 
noted as  c*. 

On  substituting  this  equation  into  equation  [4]  and 
noting  that  "e  = - c,  the  following  relation  is  derived. 


where 


• * 

c = 


2Ae 


RT 


sinh 
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RT 


m M M V 
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[7] 


Integration  of  equation  [6]  yields 


In  tanh 


2RT 


+ C 


[8] 


where  C is  a constant  of  integration  and 


2a  A 
RT 


RT 
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For  the  case  of  the  elastic  aftereffect  at  zero  stress, 
equation  [8]  becomes 


or 
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tanh 
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2RT 
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tanh  ^-1 


tanh 


t 


tanh 


ae 

o 

2RT 
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By  ct  suitable  transformation  of  this  equation,  a more  conv^e 
nient  expression  can  be  derived  which  relates  the  relaxable 
strain  (e  = e for  the  elastic  aftereffect)  explicitly  to 
the  time  t.  This  expression  is 


t + t 

tanh  — jr 2, 

2 


[12] 


Experimental  Verification  of  Elastic  Aftereffect  Equatio n s 

The  elastic  aftereffect  data  shown  in  Figures  15  and  16 
for  zirconium  specimens  prestrained  0.65  per  cent  by  tension 
and  3.0  per  cent  by  cold  rolling  respectively  can  be  accu- 
rately described  by  the  above  derived  equations.  The  solid 
curves  in  these  figures  are  drawn  to  conform  to  equation 
[12]  using  values  of  a equal  to  45  x 10*^  and  25  x 10^ 


calories  per  mole.  It  is  evident  from  the  figures  that  the 
close  correspondence  between  the  theoretical  curves  and  the 
experimental  curves  verifies  the  use  of  the  elastic  after- 
effect formulations  for  the  detwinning  of  [ll2l}  twins  as 
described  in  the  above  model. 

Since  the  value  of  a is  simply  related  to  the  anelastic 
strain  through  equation  [l2],  it  must  be  evaluated  indepen- 
dently. Using  equation  [lO],  the  above  values  of  a were 

determined  as  those  which  most  nearly  made  a plot  of 

* 

In  tanh  a linear  function  of  time.  Such  a plot  is 

shown  for  the  data  of  Figure  15  in  Figure  35.  Values  of  a 
above  and  below  45  x 10®  do  not  yield  straight  lines  in  this 
figure.  Values  of  a of  45  x 10®  and  25  x 10®  calories  per 
mole  for  these  two  specim.ens  also  yielded  good  straight  lines 
for  the  aftereffect  data  obtained  at  the  other  temperatures. 
Plots  oi  In  tanh  versus  time  curves  at  various  tempera- 

tures for  the  above  two  specimens  are  shown  in  Figures  36 
and  37 . 

From  equation  [lO]  it  is  seen  that  from  the  slopes  of 
the  In  tanh  versus  time  curves  the  relaxation  time  at 

constant  stress  can  be  calculated.  From  equation  [9]  it 
follows  that 


In 


Q , R 
RT  + 2oA 


[13] 


so  that  a plot  of  In  ~ as  a function  of  the  reciprocal  of 
the  absolute  temperature  which  is  linear  should  give  an 


tanh 
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Figure  35.  Curves  of  In  tanh  ac/2RT  as  a function 
of  time  for  various  values  of  a 
corresponding  to  the  data  obtained  in 
Figure  15  at  40°C. 
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Figure  36.  Curves  of  In  tanh  ac/2RT  versus  time  for 
the  elastic  aftereffect  at  various 
temperatures  of  a zirconium  specimen 
prestrained  0.65  per  cent  by  tension. 
(Corresponding  to  Figure  15) 


tanh 
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Figure  37.  Curves  of  In  tanh  ac/2RT  versus  time  for 
the  elastic  aftereffect  at  various 
temperatures  of  a zirconium  specimen 
prestrained  3.0  per  cent  by  cold  rolling. 
(Corresponding  to  Figure  16) 


indication  of  the  activation  energy  for  the  mechanism  con- 
trolling the  strain  recovery  process.  Such  a plot  is  shown 
in  Figure  38  ior  the  two  sets  of  data  shown  in  Figures  36 
and  37  and  for  an  additional  specimen  prestrained  1.36  per 
cent  by  tension.  The  data  plotted  in  this  manner  give  very 
good  straight  lines  over  the  temperature  interval  of  experi- 
mentation. The  slopes  give  an  average  activation  energy  of 

23,000  calories  per  mole  for  the  mechanism  controlling  twin 
boundary  movement . 

The  activation  volume  for  the  mechanism  controlling  the 

movement  of  twin  boundaries  can  be  determined  by  the  use  of 

equation  [7].  By  using  values  of  a determined  as  described 

above  together  with  values  of  the  relaxed  modulus  and  the 

unrelaxed  modulus  determined  experimentally  (Figures  19 

through  26)  a reasonably  accurate  value  of  the  activation 

volume  can  be  calculated.  The  value  of  m of  0.42  has  been 

determined  previously.  Table  3 lists  seven  specimens  for 

which  appropriate  data  have  been  measured  to  determine  t?ie 

activation  volume.  This  table  shows  the  values  of  a M 

’ "u  ’ 

M^,  and  V for  these  seven  tests  run  at  80°C.  The  calculated 
values  of  V/b'^  are  fairly  constant  for  each  of  the  specimens. 
The  average  value  of  the  activation  volume  for  the  seven 
specimens  is  67  b . 

Mechanism  Controlling  Twin  Boundary  Movement 

The  model  for  twin  growth  described  above  would  suggest 
that  the  controlling  mechanism  for  twin  boundary  movement  is 


(Minutes/^K) 
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Figure  38. 


Activation  energy  plot  for  the  data  of 
Figures  36  and  37. 


ACTIVATION  VOLUfAE  MEASUREMENTS 
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a slip, process , The  shear  displacement  associated  with  a 
change  in  tw'in  thickness  may  result  in.  large  stress  concen- 
trations near  the  twin  edges.  According  to  J.  Fridel  (65) 
the  stresses  ahead  of  the  twin  are  given  by  the  formula 


where  is  the  applied  shear  stress  on  the  twin  and  L is  the 
twin  diameter,  Foi-  the  case  considered  here,  the  stress  at 
the  tv, 'in  edge  would  exceed  the  yield  stress  of  the  zirconium 
by  nearly  an  order  of  magnitude.  Some  relaxation  of  this 
high  stress  would  be  expected.  As  slip  proceeded  in  the 
adjoining  grains,  additional  twin  growth  would  be  possible. 

A similar  situation  would  be  expected  to  exist  on  collapse 
of  the  twin  on  unloading. 

The  activation  volume,  approximately  67  b^ , and  the 
corresponding  activation  energy,  23,000  calories  per  mole, 
are  both  in  agreement  with  this  proposed  slip  mechanism 
controlling  twin  boundary  movement.  The  activation  energy 
value  agrees  with  those  values  cited  in  the  limited  amount  of 
data  available  in  the  literature  concerned  with  slip  deforma- 
tion in  zirconium  near  room  temperature  (66,  67).  In  addition, 
tests  by  J.  S.  Wolf  (68)  on  transverse  and  longitudinal 
zirconium  specimens  showed  an  activation  energy  determined 
from  creep  tests  which  was  very  nearly  identical  to  that 
determined  in  this  investigation.  Figure  39  shows  a plot 
of  the  logarithm  of  the  cyclic  period  of  stress  adjustment 
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on  the  automatic  load  maintainer  of  the  Instron  tensile 
machine  as  a function  of  the  reciprocal  temperature  for 
several  creep  tests  of  pure  zirconium.  The  experimental 
techniques  used  in  these  creep  tests  have  been  described 
previously  (41).  The  activation  energy  of  23,800  calories 
per  mole  determined  from  this  set  of  data  is  in  excellent 
agreement  with  that  measured  for  twin  boundary  movement. 

The  value  of  67  b for  the  activation  volume  is  con- 
sistent with  a Peierls  mechanism  of  slip  deformation  for 
hexagonal  close-packed  matex’ials.  The  meaning  of  the  acti- 
vation volume  together  with  various  values  corresponding  to 
different  supposed  mechanisms  has  been  outlined  recently  by 
J.  E.  Dorn  and  S.  Rajnak  (69).  In  view  of  these  observations 
it  seems  reasonable  to  conclude  that  the  mechanism  con- 
trolling the  movement  of  the  [ll2l]  twin  boundaries  in  the 
transverse  zirconium  specimens  is  a slip  mechanism  taking 
place  in  the  grains  adjacent  to  the  twin  edges. 


CMFrER  V 


CONCLUSIONS 


1.  Nucleation  of  numerous  [1121]  type  twins  by  prestraining 
transverse  specimens  of  zirconium  at  77^K  imparts  a large 
room  temperature  mechanical  hysteresis  and  elastic  after- 
effect tc  the  material. 

2.  The  mechanical  hysteresis  is  a sensitive  function  of  the 
amount  of  prestrain  reaching  a maxim.um  for  specimens  pre- 
strained approximately  1 per  cent. 

o.  Toe  hysteresis  losses  increase  with  increasing  maximum 
cyclic  load,  decrease  with  a decrease  in  temperature  between 
-72  and  80°C,  and  decrease  with  increases  in  the  applied 
strain  rate. 

4.  The  elastic  aftereffect  obeys  an  equation  for  strain  at 
constant  stress  of  the  form 


* 

€ 


t + t 

tanh  -2-^ 
a 


5.  A model  of  twin 
of  crystal  growth  is 
effects . 


growth  analogous  to 
proposed  to  account 


the  Frank  mechanism, 
for  the  anelastic 
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6. 


Experimental  verification  of  the  model  is  found  in  the 
nucleation  stress  for  Frank-Read  sources  of  twinning  dis- 
locations and  in  the  back  stress  at  the  dislocation  sources 
due  to  pile-ups  of  dislocations  at  the  grains  adjacent  to 
the  twin  boundary  edges . 

7.  The  activation  energy  and  activation  volume  for  the 
mechanism  controlling  twin  growth  were  determined  to  be 
23,000  calories  per  mole  and  67  b^  respectively, 
agree  very  well  with  a slip  process. 


These 
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